Ghrelin, a growth hormone (GH) secretagogue receptor ligand was isolated from the stomach and hypothalamus of rats and humans. In rodents, ghrelin exerts distinct orexigenic action, probably as counterpart of the anorexigenic leptin. In humans, ghrelin infusion enhances appetite. It is unknown whether single intravenous (i.v.) injections of ghrelin affect human eating behavior. Therefore, we investigated the influence of a single i.v. bolus injection of 100 mg ghrelin on appetite, ideas about food, hormone levels, and glucose concentration in young control subjects. In order to test gender differences, we included five women and four men. After ghrelin administration, appetite was enhanced in eight of nine subjects. Seven probands reported a vivid, plastic image of their preferred meal. Furthermore, ghrelin stimulated an immediate increase in plasma levels of GH (area under the curve, mean7SEM 35716 ng/ml Â min after placebo [P] to 28087533 ng/ml Â min after ghrelin [G]; po0.001), cortisol (59087984 ng/ml Â min [P] to 1017971293 ng/ml Â min [G]; po0.001), and ACTH (9227103 pg/ml Â min [P] to 30307763 pg/ml Â min [G]; po0.02), whereas leptin levels remained unchanged. Contrary to placebo, glucose concentration did not decrease markedly after administration of ghrelin. Our data suggest that i.v. ghrelin stimulates appetite and images of food in young women and men. Obviously, leptin is not involved in these effects.
INTRODUCTION
Ghrelin, a hormone peptide was identified as endogenous ligand of the growth hormone (GH) secretagogue (GHS) receptor. It was isolated from human and rat stomach and immunochemistry indicates its presence in the hypothalamus and other tissues (Kojima et al, 1999; Kojima et al, 2001) . In addition to stimulating the release of GH, ACTH, and cortisol in humans (Peino et al, 2000; Takaya et al, 2000; Arvat et al, 2001 ) and of GH in the rat (Kojima et al, 1999; Wren et al, 2000) , ghrelin is thought to play a key role in the energy balance (Horvath et al, 2001) . In rats, ghrelin promoted food intake and weight gain (Tschöp et al, 2000; Nakazato et al, 2001; Wren et al, 2000) . A complementary action of ghrelin as orexigenic factor and of leptin as inhibitor of food intake was suggested (Horvath et al, 2001) . Ghrelin levels were elevated before meals (Cummings et al, 2001 ) and decreased after food intake (Tschöp et al, 2000) . In comparison to normal controls, obese subjects showed blunted ghrelin levels (Tschöp et al, 2001b) , whereas ghrelin was elevated in patients with anorexia (Otto et al, 2001) . In normal women and men, infusion of ghrelin stimulated appetite and calorie intake (Wren et al, 2001) .
We observed recently that after a single intravenous (i.v.) bolus given at 2200, a young normal man who had a sufficient dinner by 1800 developed a hunger attack. Subsequently, he had a large meal (Weikel et al, 2003) . This observation fits with various studies from our laboratory and others showing that repetitive (Steiger and Holsboer, 1997; Weikel et al, 2003) and single (Kerkhofs et al, 1993; Antonijevic et al, 1999a) i.v. bolus injections of neuropeptides modulate human behavior, and in the latter experiments, modulate sleep. After a lower dose of ghrelin, 4 Â 50 mg given in a pulsatile manner between 2200 and 0100 to young normal male controls, appetite and leptin levels remained unchanged, whereas slow wave sleep (SWS), GH, cortisol, and prolactin secretion increased (Weikel et al, 2003) . In a similar protocol, we found previously opposite effects of GH-releasing hormone (GHRH) in normal women and men. After GHRH, sleep was impaired and ACTH and cortisol levels increased in women, whereas sleep was promoted and HPA hormone levels were blunted in men (Antonijevic et al, 2000a, b) . In contrast, after 1.0 mg/kg i.v. ghrelin or GHRH given in the morning, no gender differences were found in the response of GH, ACTH, and cortisol (Broglio et al, 2003) .
Several issues concerning the neuroendocrine effects of ghrelin remain to be clarified:
(1) Is appetite in humans changed by a single bolus injection of 100 mg in the morning? (2) Does ghrelin affect mental representations of food intake in addition to stimulating hunger? (3) Is a change of appetite after exogenous ghrelin linked with changes of plasma levels of leptin? (4) Is there a sexual dimorphism regarding the behavioral and endocrine effects of ghrelin similar to the opposite effects of GHRH in women and men (Antonijevic et al, 2000a; Antonijevic et al, 2000b) ?
In order to clarify these questions, we investigated the effect of an i.v. bolus injection of ghrelin on appetite, ideas about food and levels of GH, ACTH, cortisol, leptin, and glucose.
MATERIAL AND METHODS

Participants
Nine normal control subjects (five women, four men, with a mean age7SD of 28.274.1, range 21-31 years) participated in this study. They were of normal height and weight with a body mass index of 22.473.1. All subjects underwent clinical examinations and extensive laboratory tests, including electrocardiogram and electroencephalogram to exclude acute illness and psychiatric disorders in their own and in their family history. One female subject was on contraceptive medication; all other females were investigated during their early follicular phase. Another female subject has been taking a constant dose of thyroid medication for 10 years. All other subjects were drug free for at least 2 months. All procedures were carried out with the adequate understanding and written consent of the subjects. The study was approved by the local ethics committee.
Protocol
Participants attended two test sessions on consecutive days. On both study days, after an overnight fast, a forearm i.v. catheter was inserted at 0845. At 0902, 100 mg ghrelin (Clinalfa, Läufelfingen, Switzerland) or placebo (saline infusion) was injected as a single i.v. bolus injection according to a double-blind randomized crossover schedule. Blood samples were taken every 15 min from 0900 to 1000. Plasma concentrations of GH, cortisol, ACTH, and leptin were measured at each time point. In addition, glucose levels were determined at 0900 and 1000. At 1000, subjects filled in a questionnaire comprising a 10-point visual analogue scale for the assessment of self-rated appetite during the past hour, with zero for no and 10 for very high feelings of appetite. Furthermore, the subjects wrote down the kind and the predominant flavor quality (sweet, sour, salty) of the meal for which they realized the strongest appetite. They were additionally asked whether and to which degree they perceived a vivid and plastic visualization of their preferred meal with ( þ ) indicating a low, ( þ þ ) a medium, and ( þ þ þ ) a high degree of visualization. Finally, the kind and the duration of possible side effects were recorded (fatigue, euphoria, emesis, vertigo, flush).
Hormone Analysis
The plasma concentrations of GH, ACTH, cortisol, and leptin were analyzed by commercial radio immunoassays as reported in detail elsewhere (Frieboes et al, 2004) .
Data Analysis
We did not detect any effects of the verum-placebo order. After combining the two order groups, areas under the plasma concentration curves (AUC) were calculated for all endocrine parameters by applying trapezoidal integration. Differences in baseline and change in the AUC values of GH, ACTH, cortisol, leptin, and glucose between placebo and ghrelin infusion was evaluated with nonparametric Wilcoxon's matched pairs test. In case of significant baseline differences, an analysis of covariance controlling for baseline differences was additionally calculated. Gender effects were evaluated by Mann-Whitney U-tests. Associations between endocrine variables and age, gender, BMI, change of plasma glucose levels, and change of appetite level were assessed by nonparametric Kendall's t correlation.
Means and standard deviations are reported. The level of significance was set to p ¼ 0.05.
RESULTS
Effects on Appetite and Side Effects
Ghrelin administration induced a significant increase in appetite in eight of the nine subjects with a mean score of 6.2 (SD ¼ 3.2), while this was not the case after placebo infusion (0.971.5; po0.05). Of the nine subjects, seven reported a vivid, plastic visualization of their preferred meal after ghrelin but not after placebo infusion. Three male subjects imagined a salty meal, three women a sweet meal, and one woman a sour meal (Table 1) .
Subjects experienced fatigue lasting up to 1 h (n ¼ 6), elevated mood (n ¼ 3), vertigo (n ¼ 3), emesis (n ¼ 4), and flush (n ¼ 5) after ghrelin infusion, while no side effects were reported after placebo (Table 1) .
Endocrine Effects
Ghrelin exhibited pronounced effects on plasma concentrations of GH, cortisol, and ACTH (see Table 2 ). Plasma concentrations of these hormones tended to return to baseline after 1 h (Figure 1 ). Baseline differences (plasma concentration at 0900 prior to saline or ghrelin infusion) were observed for GH (po0.05) and for cortisol (po0.05) but not for ACTH (NS) or leptin (NS). Analysis of covariance controlling for baseline difference confirmed the significant effects of ghrelin on GH (F 1,7 ¼ 14.66, p ¼ 0.006) and cortisol (F 1,7 ¼ 14.55, p ¼ 0.007) plasma concentrations.
Plasma leptin concentrations were not affected by the infusion of ghrelin. Glucose concentrations after administration of ghrelin were almost unchanged (91.476.4 to 89.0711.4 mg/dl) and tended to decrease after placebo (90.877.7 to 85.6713.6 mg/dl), but the difference was not statistically significant (see Table 2 ).
Gender Effects and Associations with Age-and Weight-Associated Variables
Women exhibited higher GH and leptin concentrations after placebo and after ghrelin infusion (po0.05) and lower ACTH after placebo infusion (po0.05). Regarding the effects of ghrelin infusion, we observed a more pronounced increase of GH after ghrelin in women compared with men (Table 3) . No gender effects were found for the ghrelin effects on ACTH and cortisol, suggesting a similar pattern of ghrelin-induced HPA system activation in men and women. No gender effects were observed for ghrelininduced changes on leptin and glucose concentration, which did not surprise since these variables were not affected by the ghrelin infusion.
Neither endocrine changes nor the appetite-stimulating effect of ghrelin were significantly influenced by age or the body mass index. The decrease in the glucose plasma concentrations (0900-1000) under the placebo condition (r ¼ À0.76, po0.01) but not under the ghrelin stimulation (r ¼ 0.06, NS) was correlated with the cortisol levels under the respective conditions. 
DISCUSSION
Our data show a rapid stimulation of appetite, imagination of food, GH, ACTH, and cortisol, and an attenuation of glucose levels after an i.v. bolus injection of ghrelin in young normal women and men after an overnight fast in comparison to placebo. Leptin levels, however, remained unchanged. The view that ghrelin is the most potent endogenous stimulus for appetite is supported. This theory derives originally from the animal model. Acute and chronic administration of ghrelin enhances food intake and weight gain (Tschöp et al, 2000; Nakazato et al, 2001) . Furthermore, observations such as the increase of ghrelin concentration before meals (Cummings et al, 2001 ) and the subsequent decrease after meals (Tschöp et al, 2001a) in normal controls, as well as increased levels of ghrelin in patients with anorexia nervosa (Otto et al, 2001 ) and moreover blunted levels in obese subjects (Tschöp et al, 2001b) point to a relationship between ghrelin and food intake. In humans, ghrelin infusion induces hunger (Arvat et al, 2000) . In a first systematic study on the influence of exogenous ghrelin administration on appetite and eating in humans, Wren et al (2001) infused ghrelin to young normal women and men. The subjects reported an increase in appetite and they showed a higher calorie intake than after placebo.
In our study, a single bolus injection of 100 mg ghrelin was sufficient to prompt a distinct increase of appetite in subjects who were already hungry after an overnight fast. The effects of ghrelin appear to be dose dependent. After 4 Â 50 mg ghrelin given in hourly injections between 2200 and 0100, appetite remained unchanged, whereas SWS, GH, cortisol, and prolactin increased (Weikel et al, 2003) . In a single case observation, 100 mg ghrelin given at 2200 prompted a distinct increase of hunger and food intake (Weikel et al, 2003) . In a similar vein, a study in mice points to different mechanisms in the regulation of food intake and sleep by ghrelin. Ghrelin enhanced eating both in mice with intact and deficient GHRH receptors. On the contrary, promotion of sleep required intact GHRH receptors (Obál et al, 2003) .
In addition to the augmentation of appetite, seven out of nine subjects reported that they had vivid imagination of their favorite meal after ghrelin administration. The imagined, preferred flavor of this meal differed between females and males. These observations suggest that the role of ghrelin in the regulation of human food intake is more complex than a signal for hunger. In humans, various cognitive components participate in the initiation of eating and in the selection of food. The hippocampus is thought to be a site for visual imagination (Kreiman et al, 2000) and GHS receptors in the hippocampus are targets for ghrelin (Nakazato et al, 2001) and may mediate its effect on the imagination of food. Similar to our previous studies on specific effects of peripherally administered peptides on the sleep electroencephalogram in humans (for a review see Steiger and Holsboer, 1997) , the blood-brain interface did not prevent effects of ghrelin on behavior. It was hypothesized that the unique Ser 3 acylation facilitates the penetration of the blood-brain interface by ghrelin (Horvath et al, 2001 ).
Next to ghrelin, leptin is thought to be the other major factor in the energy balance. Contrary to ghrelin, leptin appears to inhibit food intake. We observed elevated nocturnal leptin levels in patients with affective disorders (Antonijevic et al, 1998 ) when compared to controls. This may contribute to the loss of appetite in depression. Preclinical data suggest an inverse interaction of ghrelin and leptin (Shintani et al, 2001) , whereas leptin levels remained unchanged in the rat after i.v. administration of a synthetic peptide corresponding to amino acid 1-28 of rodent ghrelin (Kamegai et al, 2001 ). Our present study shows acute CNS and pituitary effects of ghrelin, but no effects on leptin levels during the relatively short interval of the examination. Obviously, the observed acute behavioral effects of ghrelin are not mediated by leptin. Similarly, nocturnal leptin concentrations remained unchanged after repetitive administration of 40 Â 50 mg ghrelin, a dose which did not affect appetite (Weikel et al, 2003) , and after the synthetic GHS, hexarelin in young normal men (Frieboes et al, 2004) . Furthermore, injection of leptin into nonobese humans had no effects on the cardiovascular or autonomic nervous systems and no evident effects on weight control (Mackintosh and Hirsch, 2001) . Possible long-term effects of ghrelin on leptin in humans should be investigated in future studies. In contrast to leptin, ghrelin affected glucose levels. The decline in glucose levels after placebo was attenuated. This resembles the increase of glucose after ghrelin in normal male volunteers ). This effect may play a role in the conservation of energy by ghrelin.
As expected from recent human and preclinical studies (Arvat et al, 2000; Peino et al, 2000; Takaya et al, 2000; Kojima et al, 2001; Wren et al, 2000) , GH, ACTH, and cortisol levels increased after ghrelin. Similarly, we found increases of nocturnal GH, ACTH, and cortisol levels after ghrelin (Weikel et al, 2003) and after the synthetic GHS, GH-releasing peptide-6 (GHRP-6) (Frieboes et al, 1999) and hexarelin (Frieboes et al, 2004) .
The response of GH to ghrelin was more distinct in women than in men. Physiologically, the GH profile in women shows various peaks during the 24 h rhythms, whereas in men there are more distinct peaks associated with sleep onset (Antonijevic et al, 1999b) . This might be an explanation for higher basal and, in consequence, stimulated GH levels in women in the morning hours. Given the small sample size, our observation should be seen with caution, since in another report, after 1 mg/kg ghrelin, the GH response did not show a difference between young females and young males (Broglio et al, 2003) . Similar to this study, no other gender-dependent difference in the response of appetite and hormone secretion to ghrelin was found. This is in contrast to the inverse action of GHRH on sleep EEG and on sleep-related hormone secretion in females and males (Antonijevic et al, 2000b) . However, it cannot be ruled out that the sample size in our study is too small to provide sufficient power for the detection of all gender effects. Fatigue was the most frequent side effect of ghrelin in our study. In related studies, we (Weikel et al, 2003; Frieboes et al, 1999) and others (Copinschi et al, 1997) reported sleep promotion by ghrelin, GHRP-6, and the GHS MK-677. Interestingly, transient euphoria was found in three subjects. Systematic studies appear necessary to elucidate the role of ghrelin in the regulation of mood and in the involvement in the pathophysiology of affective disorders. Interestingly, besides appetite also emesis was induced in four subjects. This effect was rated 'low' in three persons and 'middle' in one subject. The lack of visualization of a favorite meal in this subject may be explained by the latter side effect.
In sum, our findings suggest that the role of ghrelin in the regulation of human eating is even more complex than suspected so far. In addition to stimulation of appetite, cognitive functions appear to be involved. Exogenous i.v. ghrelin is suggested to be capable of promoting appetite independently from acute action on leptin. Fatigue and elevated mood in some subjects after administration of ghrelin suggest widespread behavioral effects of ghrelin.
